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ABSTRACT

The Evaluation of Oxygen Interactions with Materials III (EOIM-ItI) ~_ightexperiment
was developed to obtain benchmark atomic oxygen reactivity data and was conducted
during Space Transportation System Mission 46 (STS-46), July 31 to August 7, i992.
In this paper, we present an overview of EOIM-111and the results of the Lyndon B.
Johnson Space Center (NC) materials reactivity and mass spectrometer/carousel
experiments. Mass spectrometer calibration methods am discussed briefly, as a prelude
to a detailed discussion of the mass spectrornetric results produced during STS-46.
Mass spectrometric measurements of ambient O-atom flux and fluence are in good
agreement with the values calculated using the MSIS-86 model of the thermosphere as
well as estimates based on the extent ~f O-atom reaction with Kapton polyimide. Mass
spectrometric measurements of gaseous products formed by O-atom reaction with C 13
labeled Kapton revealed CO, C02, H20, NO and N02. Finally, by operating the
mass spectrometer so as to detect naturilly occurring ionospheric species, we
characterized the ambient ;onosphere at various times during EOIM-111and detected the
gaseous reaction products formed when ambient ions interacted with the C 13 Kapton
carousel sector. By dwt comparison of the results of on-orbit O-atom exposures with
those conducted in grvund-based labomtory systems, which provide known O-atom
fluences and translational energies, we have demonstrated the strong translational
energy dependence of O-atom reactions with a variety of polymers, A “line-of-centel s“
reactive scattering model was shown to provide a reasonably accurate description of the
translational energy dependence of polymer reactions with O atoms over a three order-
of-magnitude range in translational energy and a four order-of-magnitude range in
reaction efficiency. Posttlight studies of the polymer samples by x-ray photoelectron
spectmcopy and infrared spectroscopy demonstrate that O-atom attack is confined to
the near-surface region of the sample, i.e. within 50 to 100 Angstroms of the surface,



INTRODUCTION

Oxygen atoms am the most abundant neutral constituents of the Earth’s ionosphere at
altitudes tanging from 200 to 700 Icmmfi1‘3and have been shown to be one of the
more important environmental factors involved i~ the degradation of several important
classes of spacecraft materialsmf 4’5. The primary objective of the EOIM-IE
experiment was to produce benchmark atomic oxygen reactivity data for a wide range
of materialsmf 6. Secondary objectives incliided: 1) mass spectrometric characterization
of the gaseous reaction and scattering products formed when the ambient atmosphere
interacts with various materials, 2) characterizing the induced environment produced by
interaction of the ambient atmosphere with the EOIM-111experiment and the Space
Shuttle cargo bay, and 3) characterizing the chemical reaction dynamics of the reaction
between O-atoms and polymers. In this paper, we present an overview of the EOIM-
111experiment as performed during STS-46 during early August 1993. EOIM-111was a
team effort with coinvestigators from all major NASA field centers, the United States
Air Force, the European, Japanese and Canadian space agencies and the Ballistic
Missile Defense ~lce.

Our approach to achieving EOIM-111objectives was based on comparing measurements
of materials samples after exposure to known O-atom fluences in three well-
characterized environments: 1) The low-Earth-Orbit (LEO) environment, 2) the
high-velocity neutral-atom beam (HVAB) system at the Los Alamos National
Laboratory (LANL), and 3) a flowing discharge or downstream plasma system at JSC
Detailed characterization of the exposure environments was accomplished by
determining such factors as O-atom flux and fluence as weU as O-atom kinetic energy
distribution fimction, sample temperature, ultraviolet/vacuum ultraviolet (W/VW)
radiation dose and surface contamination.

The methods and resuhs of the EOIM-111environment characterization effort are
described in detail in the accompanying papeFcf !. Briefly, the atomic oxyge.~ fluence
was determined by calculation using the MSIS-86 model of the thermosphere
combined with as flown trajectory and vehicle attitude data~f 7 and daily a~erage values
(24-hours average) of the solar activity indices. A second estimate of the O-atom
fluence was obtained from direct measurements ot the O-atom flux using a mass
spectromcte~fs provided by the USAF Phillips Laboratory~f 9. Kapton poiymer film
standards were also used to obtain an additional estimate of O-atom fluence by simply
measuring mass loss and surface recession after the mission and using the widely-
accepted value of 3.0 x 10-zdcm3/atomr~f 10as the Kapton reaction efficiency.

The thermal history of the payload was recorded with an array of thermocouple
sensorsnf 1, and the solar W/VW dose was estimated using daily average solar flux
data from the Wper Atmosphere Research Satellite~f 1 combined with a detailed
~nalysis of the Space Shuttle attitude history, Payload contamination was evaluated by
post flight X-ray photoelectron spectroscopy of selected samples and monitored during



the mission with an may of Temperature Controlled Quartz Crystal Micmbalames
(mf=w”f 1.

EOIM-111Fli@t Experiment: Descriptionand Per?onnance

EOIM-111flight hardware is briefly described below. Photographs of the EOIM-IU
payload, after installation in the Space Shuttle Atlantis and removal of protective
covers, are shown in figure 1. A line drawing of EOIM-111ident@ng the various
sub-assemblies and experiments is shown in figure 2 and can be used to identify the
various features shown in figures i. The ovetil cargo bay layout of STS-46 is shown
in figure 3. EOIM-IfI was mounted on a Multipurpose Payload and Expeximert
Support Structure (WPESS” structure), on the starboad side of the Space Shuttle
Atlantis, near the ah bulkhead, and at the level of the orbiter sill longeron, i.e., at the
level of the cago bay door hinge line. The ca.rotd and mass spectrometer are visible
in the middle of the EOIM-111@let, with the passive sample carriers on the outboard
side and the heated trays and environmental monitor package inboard, toward the
center of the Space Shuttle cargo bay. In figure 1 the mass qxctrometer is pointed
along the cargo bay normal (-Z in orbiter coordinates) and the motorized lid is closed.
The mass spectrometer ion source was of the semi-oqen variety as defined by Hayden,
Neir, et al. ,*f 11and was capable of receiving neutml gas from a 180-degme field of
view. Figure 4 shows a tisheye view of the cargo bay environment as viewed fror.. the
mass spectrometer ion source while pointed along the cargo bay normal, as shown in
figure 1. As shown in figure 4, only the vertical stabilizer, several cargo bay
components inchding the aft bulkhead, and the orbital maneuvering system pods are
line-of-sight to the mass spectrometer ion source and, by implication, the rest of the
payload. A cross secticnal drawing of the mass spemometer is shown in figure 5.

The as-flown altitude and attitude timelines for STS-46 are shown in figures 6 and 7.
The attitude timeline shows the angle betwe.?n the cargo bay normal (-Z in orbiter
coordinates) and the orbiter velocity v=tor. The angle shown in figure 7 mns from O
degrees, corresponding to the -ZW or ram orientation, to 180 degrees, corresponding
to ZVV or imtiram (heat shield into the veloeity vector). The oscillations between O
and 180 degrees visible during earlier parts of the mission correspond to inertial hold
attitudes or ndl maneuvers. The orbhal inclination wa~ 28.5 degrees and the beta angle
varied between 17.5 and 24.3 degrees, EOIM-111was initiated at Mission Elapsed
Time (I@I’) 5 days, 22 hours, 30 minutes (5:22:30 = 142.5 hrs.), shortly after
reducing orbital altitude to 123-124 nmi. A waste-water dump was conducted between
MET 5:20:37 and MET 5:22:30 with the orbiter attitude adjusted to minimize the
chance of particles from the waste stream recontacting the orbiter. The orbiter was
placed in the -ZVV attitude for EOIM-111at MET = 142.5 hrs.

In general, the EOIM-111flight hardware performed nominally during the missiol i.
Primary electric power was applied to the payload at MET 0:3:22 and telemetry was
then enabled. Before EOIM-111was initiated, the mass spectrometer was operated only



as needed in oder to obtain natural and induced environment data for selected vehicle
attitudes and operations. The mass spectrometer was pointed in the -Z direction. as
shown in figures I and 2, throughout the pre EOIM-111portion of the mission and
operated so as to alternately col!ect mass spectra of neutral gases (the electron impact
ionization ftients and a repeller grid to exclude ambient ions were both powered on)
in neutral mode. or ambient ions (filaments and repeller grid off) in ion mode during
alternating 1 minute intervals. In addition, payload temperature data were recorded
throughout the mission using thermocouples placed as described in the accompanying
mission and induced environments papeflf 1.

After initiation of the EOIM-111experiment, the EOIM-111payload executed a series of
timed operating cycles in which mass spectrometric measurements of the ambient
atmosphere and ionospheric constituents alternated wtih mass spectrometric
measurements of reaction and scattering products formed when ambient species
intemcted with various carousel sectors each of which was coated with one of the
following ma!erials: 1) C 13labeled Kapton polyim.ide prepared by the Jet Propulsion
Laboratory; 2) anodized alum%um: 3) Chemglaze 2-306 black polyurethane based
space paint; 4) FEP Teflon, 5) Parylene-C coated stainless steel. The carousel sectors
“weredesigned so that the geometric field of view of the mass spectrometer ion source
contained only c~rousel sector surfaces. A movable carousel sector cover blocked
direct incidence of atmospheric species during a portion of each carousel secto:
observation period so that the induced environment from both direct ram and scattered
ram could .hemeasumd.

In addition to carousel/mass spectrometer opemtions, heated tray temperatures were
established at 60, 120 and 200 degrees Centigmde (prior to placing the orbiter in the
tam -ZVV attitude for EOIM-111)and timed sample tray cover movements for the
~iwiable exposure trays (VET) and solar ultraviolet (SW) trays were initiated.
The VET cover failed to operate correctly, and al! sample specimens received the same
nominal O-atom fluence. The SW and heated tray experiments operated properly,
TWOpayload-switching problems were encountered which have not yet been explained
to date. First, the mass spectrometer did not respond to a power-off command leading
to 13.6 hours of unplanned operation early in the mission. Second, the preprogrammed
mass spectrometer/carousel cycle did not initiate properiy on the first try so that the
carousel observations were delayed by about 6 hours. Despite the switching problem.
neutral mode mass spectra were obtained for all carousel segments and ion mode
spectra were obtained for the Z-306 and the C 1s labeled sectors,

The ieactivities of EOIM-111polymer samples were determined by two complementary
medmds: 1) weight loss and 2) profilometry. In most cases, two disk samples of each
polymer were placed in each sample holder opening, The top sample was directly
exposed to the space environment and intemcted with atomic oxygen, “W/VW
radiation and other space environment factors whde the underlying sample was exposed
only to thermai vacuum. Both samples were subjected to high-vacuum balung and
were weighed before ai~dafter the mission. Both samples were cleaned by rinsing



briefly with Q Cledm Solvent, (’Ilwrmo Analytical Inc., Monrovia Calif.) an ultra-
high-purity cleaning solvent, and were then air dried in a laminar flow hood prior to
installation in the EOIM-111sample holders. Polymer fti wnples weie tested for
short-term comparability with Q Cleantm before cleaning. The top sample wits alSO
covered with a high-transparency metal grid. which acted as an etch mask. In this way,
the well-known highlydhectiortal nature of high-velocity O atom reactions with
polymetic materials was exploited to advantage by producing a regular pattern of ridge”
on O-atom reactive polymers. The regular pattern of ridges produced with the etch
mask makes profdometry more accurate in the presence of the natural surface
irregularities always present on polymer film sampies. All polymer film specimens
were used as-received from the vendors except for the vacuum baking and cleaning
process described above. However, the two liquid crystal polymers, Xydar and LCP-
4100, wem also po!ished because the surface roughness of the i~-~eivd material was
too great to permit accurate profilometry even with use of the metal screen etch masks.

EOIM-111 Laboratory Support Instrumentation: Apparatus and Methods

Laboratory measurements and calibmtions were a key component@ the EOIM-111
experiment. Effects resulting from sample exposure to laboratory O-atom systems
were compared to those resulting from on-orbit O-atom exposure to gain insight into
reaction mechanism and to verify various approaches to ground-based testing. In
addition, the EOIM-KUmass spectrometer was calibrated in a ground-based, high-
velocity O-atom beam system. Finally, most materials reactivity determinations were
made by post exposure laboratory measurements of exposed specimens for comparison
with controls. Weight loss, surface recession by profdometry, scanning electron
microscope images, x-ray photcdectron spectroscopy, thermomechanical analysis. and
transmission infrared spectroscopy wem the most important sample characterization
technicpes used for the JSC samples. Two laboratory G-atom systems were used to
provide comparison data: 1) the flowing discharge and 2) the WAB. In general,
polymer specimens were prepared as for flight on EOIM-111as described in the
proceeding section. Polymers exposed to the HVAB beam were, however, horded to
aluminum heat sinks using a silicone-free epoxy cement so as to assure lwown sample
surface temperatures.

The methods and apparatw used to determine the O-atom activities of polymers in the
flowing discharge (remote plasma) appamtus have been CIescribedwf12”3. Briefly. a
working gas (10 % 02/90% ~), at total pressures on the order of 2 Ton, was passed
through a 2.45 GHz Evensou discharg~ cell and flowed downstream from the discharge
before coming into contact with the polymer samples so that the gas had cooled to
room temperature but still contained oxygen atoms in the @? electronic ground state.
The O-atom concentration was determined by chemiluminescent titration using
N02fef 1A’15and the atom flux on sample surfaces is determined using well-known
methods for modeling flowing reaction-diffusion systems~f ’6. Both the samples and
the reactive gas could be heated to determme Arrhenius activation energies. Unlike the



atom beam .md space flight expdment ex~.nment, both of which deliver O-atoms to
the po!y~ sutface in the form of a directed beam. the flowii]g dkcharge &livers O-
atoms to h polymer surface by diffusion from an isotropic gas in thentta.1equilibrium
with the polymer sample. This does not necessarily imply that the comparison of
flowing d~lmrge and directed beam 0- ltoin processes is invalid in an “apples and
oranges” sense. The validity of the u?Lof flowing discharg~ data in this study is
discussed below in the Results section of t~is paper. In addition, the flux of mokwular
oxygen was much higher in the flowing dkchargr than in the LEO or HVAB
environmlmts described above, though -e variations in 02 panial pressure revealed
no effects on the reactivity of Kapton in the flowing dkeharge Systemnf ‘so16. Polymer
reactivity in this system was determined by periodically venting the system and
weighing the polymer specimens on a six-place laboratory balance.

The HVAB has been describedmf 17’18. Briefly, a laser-sustained gaseous dkcharge
(50% 02/Ar or ~/Ne at pressures on the oder of 2(M) Torr) undergoes supersonic
nozzle expansion to form a seeded beam of oxygen atoms (CPP electronic ground state)
and inert gas atoms. The average kinetic energy can be varied between 0.4 and 3 eV.
Beam velocity distribution fimctions were determined directly using weil-known time of
flight (TOF), methods~f 17’18with phase-sensitive (modulated atom beam) mass
spectrometric detection to reject vacuum system background. The mass spectrometer
used for beam chamcterization was not the EOIM-111mass spectrometer but, rather. it
was a component of the HVAB system.

The f ~-atom Wx in the beam was determined using both relative abundance fmm the
mass spectrometric measurements of beam composition using TOF methods and the
pmsure rise in an accommodation chamber (measured with a spinning rotor type
pcssure gauge and residual gas analyzer) as was previously reported=f 9. Given the
inert gas flux in the beam and the relative abundances of the various high-velocity beam
species from phase-sensitive mass spectromet~, the fluxes of all other beam species,
including atomic oxygen, were calculated using known values of electron impact cross
sections, the mass spectrometric transmission fimction, and the change in mass
spect. ometer sensitivity with atom or molecule velocity~f ‘8. The well characterized
O-atom used for calibration and characterization of the EOIM-IU flight mass
speurometer was also used to support polymer reaction eftlcienc y measurements in this
system.

The typical polymer film temperature during exposure to the O-atom beam was 45
degrees centiknde, and the samples could be heated to determine Arrhenius activation
energies. Gaseous reaction products were detected using phase-sensitive (modulated
beam) mass spectrometric detection techniques~f 18to reject vacuum system
background.



Results ad Dkcusdm of Resub. Mas3 Specti dmeter/Carousd

The mass spectrometer carousel system produced about 48,000 neutral and ion mass
spectra during STS-46. Typical ram mass spectra were taken: 1) during the post
Eureca deployment ram orientation period (altitude = 430 km) and 2) at the beginning
of the EOIM-111(altitude = 230 km). are shown in figures 8a and 8b, respectively.
For comparison purposes, a typical mass spectrum produced during the calibration
process at LANL is shown in figure 9. The high-background current visible in the
calibration spectrum is the result of scattered WMJV radiiion from the HVAB
source which was coaxial with the ion flight path of the mass spectrometer. The same
high background current would be visible in the EOXM-111mass spectra if the
instrument had been directly facing the Sun, but the combdon of orbital inclinatic n,
beta angle (the angle between the Sun vector the orbital plane), and vehicle attitude
precluded that event during HI&46 (the 1800 field of view applies to the ion source
only, not the complete path from ion source to secmdary electron multiplier). During
EOIM-111and the various HVAB calibration experiments, the mass spectrometnc
sensitivity decreased as a function of O-atom fhience. However, ths O-atom fluence
dependence of the mass spectrometer was different in the on-orbit and high velocity
atom beam environments.

Onlya 30 pement loss of signal was noted in the photocurrent background at LANL
wbile a factor of 6 decrease in ion current was noted under constant O-atom flux
cm’iditions. The effect of o-atom fluence on mass spectrometer sensitivity is believed
to be due to the formation of gold oxide on the surfaces of the gold-plated ion source
optics in the EOIN1-KUmass spectrometer. This effect was previously reported to occur
d~ring mass spectrometric sampling of flowing discharges with gold sampling
orifices~f 19. Formation of a dielectric layer on the ion optical elements degrades the
sampling efficiency of the ion source. Some degradation of secondary electron
multiplier performance was observed via changes in the amplitude of the photocurrent
background during high fluence calibration experiments at LANL; the effect is small
compared to the observed mass spectral Sensitiv;.ty loss. The formation of goid oxide
(Au203) from gold and molecular oxygen is not observed because the process is
endothermic at 19.3 kcal/mole. In contrast, the formation of gold oxide from gdd and
atomic oxygen is exothermic at -159 kcal/n~ole.

Figures 10 and 11 compm the sensitivity loss observed on orbit and at LANL. Figure
10 compams the sensitivity loss for V2, the dom+wnt inert species in the on-orbit
environment with the sensitivity loss ior Ar, ttic.tiomumnt inefi species ill the O-atom
beam. At O-atom fluences below about 1 x 1W3, the :@nsitivity loss can be
represented by the same function in both environments, but the two sensitivity
dependence curves differ significantly at higher fluences with a much smal!er loss in
sensitivity at LANL. Figure 11 compares the sensitivity decay for atomic oxygen as
observed both on orbit and in the HVAB at LANL. Once again, somewhat different
behavior is cbserved on orbit and in the laboratory. Finally, it is interesting to note
that different 02/0 ratios were obtained on orbit and in the laboratory (02/0 = 2.8 on



orbit; *IO = 1.5 at L,ANL). Since 02 constituted kss than 3 pcettt of the hig!~-
velocity gas enteriq the mass spectrometer in both environments, the very dtierent
~/O ratios obse~ti suggest that O-atom xamtbination and transpm processes were
following different W,c laws in the two environments.

The immediate conclusion obtained from the comparison of mass spectrometric
performance on otitt and in the Iabt ratory is W simpk direct application of the
~ cdibrition resuhs to the on-orbit data will MMgive the best accuracy. o-atom
fluence estimates based on mass specmmetric data range from 2.2x1(P to 4.7x10~J3
atoms per square ce,%uneter depending on the approach we used to applying the
calibration results to the on-orbit data. As of this writting, the mass spectmmetnc
fluence estimate is 23 *0.7 x 1P O atoms/cm2. This fluence estimate was
calculated as follows. F~. the calibration factor at zero O-atom fluence is taken as
2.3 x l~s (atoms/cm2)/amp, as determined in tf.e HVAB facility at LAIU1.. The
corrected masslfi-peak -S (corrected by subtmction of 26 fn?rfent of the mass 32-
pealc area, 0.15 percent of the mass 18-pedt area) are m~ltiplkd by the sensitivity
decay function to cmrect for O-atom fluence &pendent instrument sensitivity loss. The
sensitivity decay furwtion was obtained by fitting an exponential decay fimction to the
on-orbit mass 16-peak area data (i.e. except for diurnal variations. the O-atom flux was
assumed to be approximately constant). Finally, the corrected mass 16 peak areas
were multiplied by the zero fluence calibration factor to obtain to obtain the O-atom
flux. The flux is calculated at regular time intends and summed to obtain the mass
specwometer O-atom fluence measurement for those time periods when the mass
spectrometer was on and producing O-aom flux mea.wements. Division of the mass
spectrometric fluence calculated above by the duty cycle, i.e. the fmctional time on and
measuring O-atom flux, gives the final value for the mass spectrometric O-atom
fluence.

Typical mass spectra of the induced neutral environment Lothe C 13labeled Kapton
carousd sector are shown in figures 12 (sector open to direct ram flux) and 13 (sector
cover on blocking direct ram flux). Comparison with the typical ram mass spectra
(figure 8) shows that scattered ambient species dominate the induced environment.
Gastxws reaction products area significant part of the spectra, however, and C 1302
and C 130 are visible in figures 12 and 13. A mass spectral measurement of the
gaseous mction products formed during exposue of an identical C 13Kapton sample to
the HVAB at LANL is compared to EOIM-111measurements in figure 14
demonstrating tlwt the same gaseous reaction products are produced in both
environments.

hloving the cover over the canmel sector produced little effect except for a net
n.duction in spectral intensity (figure 13). The fact that the sector cover had little
eif~t is a~ribut~ to the ~tteting of mbknt ram specks from the EOIM-111pallet,
near the opening to the carousel sector, as weil as scattering of cargo bay induced
erl~ironment gases from afk bulkhead surfaces. With the cover in position over the
carousel sector, and incomplete momentum accommodation occurs on each collision,



relatively high kinetic energy (i.e., high reactivity) O atoms can SW reach the carousel
sample sur&es after only two refkctions. one from the EOIM-fII pialiU and one from
the cover dice facing the sampk compartment.

‘m EOIM”III mass spctmWer measumd ions in the natural and induced ertvimnment
when the electron impact ionizer and the repeller grid were UIrnedoff as described
above. A typical ambmt ion mass spectrum taken with the mass spectrometer ion
some in a ram orientation during EOIM-IIXoperations at a 230 km ahkude is shown
in figure 15. IUass spectra of the induced ionic environment, formed by interaction of
natwally occurring ionospheric ions with the CIJ Kapton carousel sector, am shown in
fig~res 16 (sector cover off) and 17 (sector cover on). The difference between the
ambknt mm mass spectra and the induced environments spectra is more notable in this
case than in th ~neutral case of figures 12 and 13. Isotope-labled reaction products are
visible in the mass spectm of the Kapton cmusel sector and m~y result either from
direct reaction of 0+ ions with the carouse; seeor surfaces or gas phase charge
exchange of 0+ ions with the gaseous reaction piwiuced by O-atom attack on the
polymer. It is also interesting to note that i’1ccxtirast with the induced neutral
environment mass spectra of the same carousel sector, mass sprara oi the induced
ionic or plasma envirmments showed a dramatic decrease in intensity wf en the
carousel sector cover moved into position showing that ionospheric plasma ions we
eff~ciently neutralized during collisions with payload surfaces.

Results and Diiussiem O-Atom Reactions with PolymericMaterials.

Polymer reaction efllciencies (cm3 of material removed per incident O atom)
determined following exposure c- orbit in the EOIM-111passive trays, are shown in
table !, where EOIM-111rneawements are compamd with those made fdlowin,~
previous flight experiments. me reaction efficiencies reported in ~ble 1 were
determined by weight loss on.iy, the repeatability of the measurement is in~lcated as the
difference betwexx!the k~est and smallest measm!ment, if mom than {JI’M3 sample was
exposed on orbit. Comparison of the bOIM-111 reaction efficiency column in table 1
with those of previous missions demonstmtes that the polymer ~ction efficiency data
base has been both enlarged and verified.



POLYMER W(ECih&lU) Rc(Si5-8) Re(S-rs-$i)W LDEF
x 1024 x N@ K102J %I(W

KAPTONfIAtCl&R) 3.1 3.0 3.3 3.0
vm finom k *9. I 1 I

.mltDunA 1 d I :; I 6.0 I.b ] 3.4 I 4.3EE!Lsf
xYmR (AMcbco} I 2-9 1 [ I

LCP-4100 (DaRm
MYLAR A (DuPM
POLYH’HY* ““”——
HDPE (PHIL

.—tJ .3.8 3.9 I
‘ (PE)IAamc, 4.4 3.7

.LIPS. 3.7 3.7 I 3.s
EMH6606)
POLYMETHYLPENTENE S.3
@P, nm’sul)
POLYPROPYLENE s.!! 4.4
TEDLAR (DuPont) 3.s 3.2
TEFZEL (CLEAR Duhmt) 0.9 . fk2

TEFZEL (BLUE, L 1
RAYCHEM) I I I I
TEFZEL (WH3TE, I 0.9

RAYCHEM)
KYNAR (PENWALT) 1.2

-4-

KEL-F (PCTFE. 3M) 0.9
HALAR (ALLIED) 1.9
ACLAR 33C (ALLIED) 1.0
FEP TEFLON (LcRC RR) 0.0s - 4.03 <0.03 0.3
TFE TEFLON (DuPout) 0.06 I 4.03 0.s
EYPEL-F. (ETHYL CORP.) 4.03
POLY(BISiRIFLUOROPRO- I I I 1

The results of replicate measurements of the reaction efficiency of Kapton polyirnide
demonstmre excellent agreement between the pmfilometry and weight loss
measurements. Weight loss on four Kapton samples produced a reaction eflicienc y of
3.05*0. 1 x 10-24cm3/atom while protilometfy of four dfierent Kapton samples
produced a reaction efficiency of 3. 16~0, 1 x 10-24ems/atom, using 2.3xl@”
atoms/cmz as the fluence estimate. Both numbers are in exceUent agreement with the
K.@on reaction efficiencies produced by other on-orbit materials experiments such as
STS-8ref 21 (3 x 10-24), the Lxmg-Duratio~iExposure Facility~f 22 (LDEF)
(3.0 x 10-24) and the IntelSat Solar Array Coupon (ISAC) experiment flown on STS-
41mfs (3.1 x 10-24). The HVAB at LANL was used to prod.ce an independent
(independent of MSIS-86 calculaticms) estimate of the Kaptcn reaction efficienc y as
described below. The value of the Kapton reaction efflcier~cy determimd in the HVAB
is 3.3 x 10-24, within 10 per.ent of the values produced by the flight experiments.



several genexal Winds in the relationship between O-atom reactivity arid molecular
structure arc visible in table 1. For example, polyethylene, Tedlar, Tef2el, Kynar and
Teflon are all linear carbon chain polymers with increasing fluorine content and
decreasing hydrogen content as we move along the series fmm polyethylene,
(CH2-CH2)n, or polypropylene, to Teflon, (CF2-CF2)n, or FEP Teflon. As can he
seen in table 1, increasing, fluorine content results in decreasing O-atom reaction
efficiency, as we would expect if hydrogen atom abstraction is a rate-limiting process
and fluorine atom abstraction occurs to a very limited extent, if at all. The EOIM-111
reaction efficiency for Teflon is intermediate between that reported from STS-8~f Z“
and LDEFf z i. We attribute the observed mnge of reaction efficiency values to
different net doses of solar W/VW radiation in the different mission environments.
Vacuum ultraviolet photochemistry has twen shown to be the controlling factor in the
O-atom chemistry of Teflon and Kel-F~~ z~”~s. The EOIM-JU payload received a
larger VW radiiition dose than STS-8 as a result of the solar inertial hold period
following deployment of the Eureca satellite Ming an earlier portion of the STS-46
mission.

In contrast, incorporating two CF3 groups into a polyimide structure results in little or
no change in reaction efficiency, as can be seen by comparing the reaction eftlciencies
of Kapton polyimide and Eynnyd-F. In general, the aromatic polymers displayed
signifkantly lower reaction eff’lcien~ies than the linear straight-chain hydrocarbons.
with the notable tixception of the polycarbonate. The very low reaction eflicienc y of
the poly(bistrifhmropropylphosphazene) based polymers X-221, X-222, and Eypel-F all
showed little or no evidence of reaction, confirming earlier work in ground-based test
facilities~f 24. Eypel-F is a dumble, high-temperature elastomer which may find use in
spacecraft atomic oxygen environments.

Table 2 shows the temperature dependence of the polymer reaction efficiencies
determined following exposure to known O-atom fluences on the EOIM-111heated
trays, in the flowing discharge a~ atus and in the HVAB. The temperature
dependence of the O-atom reaction efficiency is shown as an empirical Arrhenius
activation energy, i.e., the twtuml logarithm of the reaction efficiency is plotted against
the reciprocal of’the polymer sample temperature in degrees Kelvin, and the activation
energy is reported as the slope. It should be noted that atom kinetic energy appears
nowhere in this expression. For all the cases examined to date, straight-line Arrhenius
plots have been obtaned with correlation coefficients between 0.95 and 0.99.
Inspection of table 2 shows that a large decrease in the Arrhenius activation energy is
obtained on going from the flowing discharge to the HVAB or orbital environments.
The lane d~~se in activation energy is accompanied by the large increase in reaction
eftlciency.



TABLE2. The eff@ctsof atom-surface collision energy on the reaction efficiency, Re.
and the parameters of the empirical Arrhenius equation, Re = A x EXP(-Ea/kT~), where

Ts is polymer sutiace temperature and Ea is the activation energy in eV. Re is in
cm3/atom.
POLYMER Re.LEO Ea.LEO Re.HVAB Ea,HVAB Re.FDs ] Ea. FDs

KAPTON 3. t E-24 0.02 ev 3.3E-24 0.01 ev 2 E-28 ~ 0.3 eV
M“fLAR 3.8E-24 0.05 eV — —. 3 E-28 ‘ 0.4 eV
04 POLYCTHYLEW 3.8E-24 0.0 eV — — 2 E-27 0.2 eV
POLYETHYLENE (PI?} 3.7E-24 0.0 eV — — 4 E-27 0.2 eV
KYNAR L2E-24 0.0 eV — — 3 E-29 0.4 eV
TEFZEL 0.9E-24 0.04 eV — — 3 E-29 0.S eV
LCP-;1OO 3.2E-24 0.04 eV — — — —
XYDAR 2.9E-24 0.05 $V — — — —

CR-39 6.lE-24 0.04 eV — — — —

EYMYD-F 2.7E-24 0.03 eV — — — —
PEEK 3AE-24 0.03 eV — — — —

O-atom kinetic energy on impact with the polymer surface, does not appear in the
Arrhenius equation. As a result, the activation energy calculated by this method can
vary with O-atom kinetic enemy, if atom kinetic energy is available to overcome
energetic barriers to reaction as has been previously proposedmf 13S25.Alternately, the
mechanism of reaction could change as atom-kinetic energy approaches a threshold
value. Simple, semiempirical power laws or exponential fbnctions have been shown to
produce reasonable agreement with the limited data then available in the 0.065 to
5.0 eV tmnslational energy range which suggests that a single reaction mechanism as
well, as a single energetic barrier to reaction, may determine the reaction efllcienc y in
the O-atom kinetic energy domain of interest. The question cannot be resolved without
reaction eftlciency &ta taken at several translational energies between 0.1 and 1.0 eV.

The LANL HVAB was used to obtain reaction eftlciency data on Kapton polyimide at
average atom kinetic energies of 0.44, 0.72, 0.79, and 2.1 eV. Velocity distribution
functions and HVAB composition were measured as ciescribed in the apparatus and
methods section above. The four O-atom kinetic distribution fimctions are shown in
figure 18. For comparison purposes the kinetic energy distribution functions for ram-
incident O atoms in LEO (average kinetic energy = 5.6 eV) and for O atoms striking a
surface immersed in flowing discharge gas (average kinetic energy = 0,065 eV) are
shown in figure 19.

It should be noted that the component of the kinetic energy normal to the surface plane
during collision with the surface and the total O-atom kinetic energy are the same for
the O-atom directed beam on-orbit and in the HVAB. In the case of the therrnalized
gr,s in the flowing discharge, the component of the kinetic energy which is normal to
the surface plane during collision with the surface and the total O-atom kinetic energy
are not the same, The total kinetic energy distribution’ on surface collision in the
flowing discharge shown in figure 19 was calculated using well known molecular



effision beam methods. The component of the total kinetic energy normal the surface
plane is oflen used in surface reactive scattering experiments on surfaces having well
deftned surface structures~f 27. The mtal kinetic energy on surface collision is
probably more appropriate in the case of polymer fdms which am expected to be rough
on a molecular scale and show no prefered orientation of chemical bonds.

The measured reaction efficiency of Kapton polyimide is plotted against the first
moment (average value) of the kinetic energy distributions described in the previous
paxagraph @urns 1!!and 19) in figure 20. A rapid increase in reaction efficiency is
seen between 0.065 and 1.0 eV followed by relatively little change between 1.0 and
5.6 eV. The data shown in figure 20 suggest that a the reaction dynamics of the
reaction of O-atoms with polymers may be described with a line-of-centers=f 26, a
Berckele et al~f27,or a microcanonical transition state~f 28 model of the kinetic
energy dependence of the reaction probability. Such models have proven highly
successful in describing the translational energy dependence of a number of gas phase
and surface reactive scattering processesnf 26-29. A simple direct fit of the &ta plotted
in figure 20 to such a model is a gross oversimplification givsn the width of the
velocity distribution functions. A more accurate test of the translational energy
dependence hypothesis is needed.

To test the hypothesis that the simple reactive scattering models provide a reasonable
description of the reaction dynamics of O atoms with polymers, we form the
corivolution integral of the fimction which describes the kinetic energy dependence of
the reaction probability with the normalized kinetic energy distribution function, f(Et),
as shown in the equations bdow and then determine if the Re vs. Et data can be fit to
the resulting fimction. Finally, we ask if the Re equation, with parameters determined
by least squares curve fitting to the HVAB data, can pnx!ict values of Re for the
flowing discharge and on-ofiit environments.

Line of CentersModel

A =5.10x !T24cm3 I atom Ea=O.62e}’ A = 0.036 (1)

Beckerle-CeyerModel

,0

A
xf(Ef)d(Et)Re=J1+eXp- ~l[Et-Ea)

{1

,.
A = 3,7x10-:’ )1= 10 h = 0,98 A = 0008 (2)



Re, as defined by the Re equations above, is the average of a large number of reaction
eftlciencies, one for each kinetic energy interval in the kinetic energy distribution
function of interest. The Re equations allows us to calculate the reaction efficiency
given the normalized kinetic energy distribution function, f(Et), and values for the

mete~ ~~ ~ m@tu* of the ei~rgetic ~er to reaction, and A, the limiting
reaction efficiency at high kinetic energies. The A term is the residual sum of squares
error at the conclusion of the cume-fitting process.

We test the hypothesis represented by an Re equation as follows. First, because apriori
values for A and Ea are not available, a gaussian least squares curve-fitting process is
used with A and Ea as adjustable parameters. A, Ea, and any other adjustable
parameters are adjusted so that the Re equation gives the best fit (minimum sum of
squares error between measumd and calculated Re) to the Re data produced by
exposing Kapton samples in the four different atom beam kinetic energy distribution
functions shown in figure 17. The success of the curve-fitting operation both in terms
of the reasonableness of the A and Ea values obtained and the magnitude of the sum of
squares error at the end of the cunfe-fitting process is one test of the validhy of the
hypothesis. A second test involves asking how accurately an Re equation, with A and
Ea values determined as described above, can prdct Re values for kinetic energy
distributions well outside the range of values used in the least squares process.
Specifically, can an Re equation, with A and Ea determined with HVAB data, predict
Re values obtained from the flowing discharge and EOIM-JII experiments?

The predictions of the Re equations are plotted with the measured Re values in
figure 20. Clearly, both Re equations provide a reasonably accurate description of the
kinetic energy dependence of the Kapton Re for the HVAE and on-orbit data. The two
models differ significantly in their ability to accurately predict the Re in the flowing
discharge apparatus. The Eeckerle-Ceyer model produces reasonably accurate
predictions of the Kapton Re over a three order of magnitude range of O-atom kinetic
energy and a four onier of magnitude range in Re. Failure of the line-of-centers model
to predict Re at thermal energies suggests that the potential energy surface describing
the reactive collision may change in such a way that Ea varies with collision energy,
Finally, it is useful to note that the Beckerle-Ceyer model with parameters estimated for
Kapton, is a useful tool for making reasonable estimates estimating of Re for a variet y
of polymers in both thermal and hyperthermal O-atom environments

The results of x-ray photoelectron spectroscopic (XPS) studies of several polymers are
shown in table 2 where samples exposed to the O-atom flux during EOIM-111are
compared with flight controls (i.e., samples exposed to to the space vacuum during
EOKM-111,but not to O-atom flux), All the polymer samples show significant increases
in surface oxygen content accompanied by surface depletion of carbon. However the
net disturbance of the surface atomic composition is rc’titively small at 10 to 15 atom
percent. In contrast, infrared adsorption spectra of polymer sample fhs (which were
extruded in a hydrostatic press to a thickess of approximately 10 microns keep the most



intense adso@lon peaks on scale) show no significant difference between the oxygen
exposed samples and the controls. Because the XPS method has a sampling depth on
the order of 0 to 50 Angstroms we can conclude that O-atom reaction processes are
confined to the near surface region of the polymer with no signflcant reaction
processes occurnn2 at the greater depths samples by infrared spectroscopy. Typical
infmred spectra of Kapton and polyethylene which were exposed to the ram O-atom
flux during EOIM-111are compared to those of the corresponding fllght controls in
figure 21.

Table 3. Surface composition of EOIM-111polymer films, expressed as atom percent,
as determined by X-ray photoelectron spectroscopy. The surface exposed to ram
atomic oxygen during EOIM-111is compared with the ~ontrol sample.

‘O-atomReaction Surface Control Surface
Polymer c o N F Si c o N F Si

hpton 64.3 23.2 5.7 0.0 6.8 79.7 13.3 5.7 0.0 1.1
Mylar 71.2 24.2 0.6 0,8 2.2 75,1 22.7 0.1 0.3 1.8
PEEK 49.3 36.1 2.4 5.2 6.9 81.0 15.9 0.6 0.4 2.2
PE 80.4 14.2 1.5 0.0 3.8 94.8 3.4 0.0 0.0 1,8
Pm 86.9 9.1 0.3 0,5 3.2 97.3 1.8 0.0 0.0 0.9

Finally, pmfdometry and weight-loss measurements on JSC polymer samples revealed
some interesting configuration interaction effects produced by the sample holders
themselves. Thin metal screens were placed in front of most polymer samples on
EOIM-111to act as etch masks, helping to provide for mom accurate profilometry.
However, the profilometry measurements showed more surface recession near the edge
of the 2.065 centimeter dkmeter sample holder opening and less recession near the
center as shown in figure 22. %e effect is probably a result of the 45 degree bevel
machined into the circular sample openings in the sample holders. High-velocity
oxygen atoms can scatter off the teveled surface and onto the sample, effectively
increasing the O-atom flux and fluence nearest the edge of the sample holder opening.

Summaryand Conclusions

Despite some minor payload timing and switching problems, the EOIM-111flight
experiment achieved all of its objecitves. A well-characterized, short-term, high-
flurnce O-atom exposure was provided for a large number of materials, many of which
had never been exposed to the atomic oxygen environment in LEObefore. Detailed
definition of the &ple exposure history-k provided in reference 1, The mass
spectrometer/carousel experiment produced over 46,000 mass spectxa providing
detailed characterization of both the natural and induced environments. The mass
spectrometric data base will prove a valuable resource in future years for the
verification of various models of rarefied gas and plasma flow around spacecraft. The



gaseous reaction products of various polymer species have been determined in the LEO
environment and ditect reactions of ambient O+ ions with surfaces have been
observed. Finally, by combining measurements of polymer reaction efficiency ,we
have determined the dependence of polymer reaction efhciency on O-atom kinetic
energy in an unequivocal way. Reaction eftlciency data produced in the HVAB system
at several different O-atom kindc energies were shown to be described by the
Beckerlemf 29 reactive scattering model with an energy barrier of 0.98 eV. The same
equation made reasonably accurate predictions of reaction efllciencies in the “LEO
environment and in the laboratory flowing discharge at JSC. The activation energy for
the mass temoval or surface recession process, defd in terms of polymer temperature
only, showed a marked decrease in magnitude as O-atom txartslational energy is
increased, a result which is expected if O-atom kinetic energy is directly available to
overcome energetic barriers to reaction.
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Figure Captions

Figure 1: A launch pad close-out photo of the EOIM-111payload h the cargo bay of
the Space Shuttle Atlantis. The aft bulkhd of the cargo bay is visible at the bottom of

the photograph.

Figure 2: A line drawing of ECMM-111,as viewed from directly above, showing the
identification of various sub-emmisnents and assemblies.

Figure 3: Cargo bay contlgumtion for STS-46.

Figure 5: A cross sectional drawing of the EOIM-111mass spectrometer.

Figure 6: The altitude history of STS-46 as determined by post-flight analysis of
tracking and pointing data.

Figure 7: The vehicle attitude ‘hiztmy of STS-46 as determined by post-flight analysis
of tmcking and pointing data. The attitude variable of interest for atomk oxygen
fluence calculations, the angle between the cargo bay vefiicle (-Z) and the velocity
vector (V), is shown here.

Figure 8: Typical mass spectra produced with tx~ththe mass sitrometer axis and the
space shuttle -Z axis aligned with the velocity vector (i.e., ram oriented). a) altitude=
231 nmi, b) altitude= 123 nmi.

Figure 9: Typical calhration mass spectra prod~ced by the EOIM-111mass
spectrometer in the HVAB at LANL. The O+tom flux was 3.9 x 1015 atoms/cm2 sec,
and the argon atom flux was 4.1 x 1015 atoms/cm2 sec. The O-atom kinetic energy
was 2 eV.

Figure 10: A comparison of O-atom fluence dependent sensitivity loss on orbit and in
the HVAB. The sensitivity los~ for the dominant inert gas species, N2 on orbit and Ar
in the HVAB, are compared.

Figure 11: P. comparism uf O-atom fluence dependent sensitivity loss on orbit and
in the HVAB. The sensitivity loss for O-atoms is coinpared in th~ two environments.

Fi ure 12: A typical mass spectrum of the induced neutral gaseous environment in the
FC 3 labled Kapton carousel sector. The sectGr was open to direct ram ambient

atmosphere,



Figure 13: A typka.1 mass spectrum of the induced gaseous environment hi the C13
Iabied K@On carousel scz!or. The sector cotw blocked direct ram ambient
atmosphere in this case.

Figure 14: A compmison of the gaseous reaction products formed by O-atom reaction
with C 13 labled Kapton on-orbit and in the HVAB at LANL.

Figure 15: A typical mass specoum of the natural ionospheric plasma environment at
123 nmi taken with the mass spectrometer conf@ured w sample naturally occurring

ionic species.

Figure 16: A typiel mass Spectxum of the induced plasma environment in the C 13
Iabled Kapton carousel sector. The sector cover was qxm to direct mm ambient
azmosphereo

Figure 17: A typical mass spectrum of the induced plasma environment in the C 13
labeled Kapton carousel sector. The sector cover bkwked direct ram ambient
atmosphere in this case.

Figure 18: o-am kiic energy distribution functions (kinetic energy on collision
with the polymer surface) and the corresponding average kinetic energies (first
moments) for the HVAB O-atom beams used in developing the forrmh relating
reaction efficiency to atom kinetic energy.

Figure 19: O-atom kinetic energy (kinetic enrgy on collision with tne polymer surface)
distribution functions for, a) the LEO environment and b) the flowing discharge.

Figure 20: The measumd and predicted (equations 1-3) Re values for Kapton
polyimide plotted against the avemge value of the O-atom kinetic energy on collision
with the polymer surface for the environments of figures 18 and 19.

Figure 21: Typical infrared spectra of Kapton and polyethylene fxom EOIM-111.
a) Kapton exposed to O atoms during EOIM-111, b) Kapton control, c) Polyethylene
exposed to O atoms during EOIM-111, d) polyethylene control.

Figure 22: Conf@uration interaction between sample holders and ram O atoms
revealed by profdometry of Kapton fti specimens covered with a high transparent y
metal grid etch mask. Measured recession increases on moving toward the edge from
the center of the sample as a result of atom scattering from the 45 degree bevel on the
sample holder opening shown in the insert.
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